CFA/I pili are representatives of a large family of related pili that mediate the adherence of enterotoxigenic Escherichia coli to intestinal epithelial cells. They are assembled via the alternate chaperone-usher pathway and consist of two subunits, CfaB, which makes up the pilus shaft and a single pilus tip-associated subunit, CfaE. The current model of pilus-mediated adherence proposes that CFA/I has two distinct binding activities; the CfaE subunit is responsible for binding to receptors of unknown structure on erythrocyte and intestinal epithelial cell surfaces, while CfaB binds to various glycosphingolipids, including asialo-GM1. In this report, we present two independent lines of evidence that, contrary to the existing model, CfaB does not bind to asialo-GM1 independently of CfaE. Neither purified CfaB subunits nor CfaB assembled into pili bind to asialo-GM1. Instead, we demonstrate that binding activity toward asialo-GM1 resides in CfaE and this is essential for pilus binding to Caco-2 intestinal epithelial cells. We conclude that the binding activities of CFA/I pili for asialo-GM1, erythrocytes, and intestinal cells are inseparable, require the same amino acid residues in CfaE, and therefore depend on the same or very similar binding mechanisms.
It is thought that the receptor for CFA/I pili may be a glycolipid. Studies of the binding activities of ETEC pili indicate that CFA/I, and a number of other ETEC pili, bind to the glycosphingolipid asialo-GM1 and various other nonacid glycosphingolipids (25, 26) . However, whereas binding to erythrocytes and intestinal epithelial cells is mediated by CfaE, it has been reported that the binding activity for glycosphingolipids resides in the major pilin, CfaB (25) . Thus, the current model of CFA/I-mediated adherence proposes that the pilus has two distinct binding activities, one for unidentified receptors on erythrocyte and intestinal epithelial cell surfaces and another for asialo-GM1 and various other glycosphingolipids (25) .
The initial aim of this study was to elucidate the specific mechanism by which CfaB binds glycosphingolipids. However, during the course of this study, we were unable to demonstrate the direct binding of purified CfaB pilins to asialo-GM1, which served as a model glycosphingolipid. We were also unable to demonstrate CfaB-dependent binding of whole CFA/I pili to asialo-GM1. Instead, we demonstrated that asialo-GM1 binding is associated with CfaE. Purified CfaE binds to asialo-GM1, while purified CfaB has no detectable binding activity. Consistent with these findings, site-directed mutations in CfaE abolished the binding of whole pili to asialo-GM1 and, in addition, abolished the binding of pili to Caco-2 intestinal cells. These same mutations also abolished CFA/ I-mediated attachment of piliated bacteria to Caco-2 cells. We therefore conclude that CfaB is unable to bind to asialo-GM1 independently of CfaE and that asialo-GM1 binding is inseparable from CfaE-mediated binding of pili and piliated bacteria to erythrocytes and intestinal cells.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. Cultures were grown aerated in Luria-Bertani (LB) broth or agar (27) or 2YT broth (28) at 37°C with antibiotic selection where appropriate. The antibiotics used were ampicillin (Ap) at 100 g/ml and chloramphenicol (Cm) at 50 g/ ml. E. coli K-12 strains DH5␣ (29) and DH5␣/F=-lacI q (New England BioLabs) were used as general hosts for cloning. E. coli strain BL21(DE3) Rosetta (Novagen) was used for high-level expression under the control of the T7 promoter. MC4100 is a lac deletion-containing E. coli K-12 strain (30) used for expression of the cfa genes under the control of the lac promoter. The plasmids used in this study are listed in Table 1 .
Construction of a cfaE deletion of the CFA/I pilus operon. The cfaE gene was deleted from the CFA/I pilus operon by amplifying part of pEU2124, excluding cfaE, by inverse PCR with Phusion High Fidelity DNA polymerase (Thermo Fisher Scientific) and primers HSP277 (5=-A CACCAAGTAGTCAAACACTCTAG-3=) and HSP278 (5=-CTATGTAA AAATAAATAAAATTTTATTCAT-3=). The amplicon was phosphorylated with T4 polynucleotide kinase (New England BioLabs) and ligated with T4 DNA ligase (New England BioLabs). DH5␣/F=-lacI q was transformed by the ligation reaction, and presumptive clones were identified by PCR. Deletion of the cfaE gene, including the start and stop codons of cfaE, and the fidelity of the remaining cfa operon sequence were confirmed by DNA sequencing. The cfaE deletion construct was given the plasmid designation pGU1 (Table 1) .
Construction of cfaE complementation plasmid. The cfaE gene was PCR amplified from pJGX15W with primers HSP257 (5=-AAAAAGGAT CCAAAGGATAAACGATG-3=) and HSP258 (5=-AAAAAGAATTCCTA GAGTGTTTGACTACTAC-3=) and ligated into the BamHI/EcoRI sites of pHSG576 (Table 1) . The construct was confirmed by DNA sequencing of the entire cloned insert and designated pGU2 (Table 1) .
Site-directed mutagenesis of cfaE. To replace arginine residues at positions 67 and 181 in the CfaE amino acid sequence with alanine, sitedirected mutations were introduced into pGU2. To introduce an R181A mutation into cfaE, pGU2 was PCR amplified with primers HSP307 (5=-GCACGATATGATACAACCTATG-3=) and HSP308 (5=-TTTTACATTT AGCTTCAGAACG-3=). HSP307 contains a 5=-terminal alanine codon, GCA, that replaced the AGA arginine codon in the wild-type sequence. The amplicon was phosphorylated and ligated as described previously.
Ligated samples were transformed into DH5␣/F=-lacI q , and putative clones were confirmed by DNA sequencing. The cfaE gene carrying the R181A mutation was designated cfaE1, and the corresponding plasmid was designated pGU3. Similarly, an R67A mutation was generated by PCR amplification of pGU2 with primers HSP281 (5=-GCAATGAGTTTTTT ATGTTTGTCTTCTCAA-3= and HSP282 (5=-ATCATACAGATGATGG CTTCC-3=). HSP281 contains a 5=-terminal alanine codon, GCA, that replaced the AGG arginine codon in the wild-type CfaE sequence. Clones carrying the cfaE2 mutant allele were confirmed by DNA sequencing and designated pGU4. A double mutation (R67A R181A) was generated by PCR amplification of pGU4 with primers HSP307 and HSP308.
Purification of pili. LB broth cultures of 800 ml were incubated overnight at 37°C. Bacterial cells were pelleted at 8,000 ϫ g for 10 min and washed in 60 ml of phosphate-buffered saline (PBS) before centrifugation again at 8,000 ϫ g for 10 min. Cell pellets were suspended in 60 ml of PBS and subjected to mechanical shearing for 10 s in a food blender. Bacterial cells were pelleted by centrifugation as described above, and protein in the supernatant was precipitated with ammonium sulfate (10% saturation). The precipitate was centrifuged at 8,200 ϫ g for 10 min, suspended in 4 ml of PBS, and dialyzed against 1 liter of PBS for 18 h, with changes of dialysis buffer every 6 h. Dialyzed pilus preparations were checked for purity by SDS-PAGE separation of proteins that were then visualized with Coomassie blue and immunoblotting with anti-CFA/I antiserum (generated as described below) and stored at 4°C.
Cloning, expression, and purification of in cis donor strand-complemented pilins. In cis donor strand-complemented CfaB and CfaE, with the same amino acid sequence as previously described (17), were constructed by the addition of a C-terminal extension consisting of a 4-amino-acid flexible hairpin loop, the 19-amino-acid N-terminal sequence of mature CfaB, and a hexahistidine tag. The fusion proteins were given the same designations, dsc 19 CfaB(His) 6 and dsc 19 CfaB(His) 6 , used by Poole et al. (17) . To construct the dsc 19 CfaB(His) 6 fusion protein, cfaB was PCR amplified from pJGX15W with primers HSP245 (5=-AAAAAA CATATGAAATTTAAAAAAACTATTGGTGCAA-3=) and HSP246 (5=-A AAAAACTCGAGTTGCAAAAGATCAATTACAGGATCAACACTAGC TGTTACAGTAATATTTTTCTCTACTTGTTTATTATCGGATCCCAA AGTCATTACAAG-3=). HSP245 contains an introduced NdeI restriction site for cloning (bold) and anneals to 28 bases of the cfaB sequence beginning with the start codon (underlined). HSP246 contains an XhoI restriction site introduced for cloning (bold), a sequence encoding a tetrapeptide linker (DNKQ), the first 19 amino acid residues of CfaB, and a sequence that anneals to the 21 codons of cfaB upstream of the stop codon (underlined). The PCR amplicon was digested with NdeI and XhoI and ligated into the corresponding restriction sites of pET22b (ϩ) (Novagen) downstream of the T7 promoter. This cloning resulted in an in-frame fusion of the extended cfaE insert with the hexahistidine coding sequence of the plasmid vector. The clone was confirmed by double restriction digestion and DNA sequencing and given the designation pGU6 (Table 1) .
To construct the dsc 19 CfaE(His) 6 fusion protein, the coding sequence for CfaB in pGU6 was replaced with the coding sequence for CfaE while retaining the sequences encoding the tetrapeptide linker and donor strand-complementing N-terminal sequence of CfaB. To achieve this, a section of pGU6 lacking the CfaB coding sequence was amplified with outward-facing PCR primers HSP259 (5=-TTATTTCTAGAGGGGAATT G-3=, containing the vector-borne XbaI site [bold] ) and HSP260 (5=-GA TAATAAACAAGTAGAGAAAA-3=). The cfaE gene was PCR amplified with primers HSP261 (5=-AAAATCTAGAGAATGATAAAGGATAAAC GATG-3=, containing an XbaI site [bold] ) and HSP306 (5=-GAGTGTTT GACTACTTGGTGTGAA-3=). Both amplicons were phosphorylated with T4 polynucleotide kinase (New England BioLabs), digested with XbaI, and ligated. Plasmid clones in which the CfaB coding sequence was replaced with the CfaE coding sequence were confirmed by DNA sequencing and given the designation pGU7 (Table 1) .
To express and purify the fusion proteins, BL21(DE3) Rosetta/pGU6 and BL21(DE3) Rosetta/pGU7 were grown with aeration in 1 liter of 2YT , and proteins were eluted with an imidazole concentration gradient of 100 to 500 mM in wash buffer. The purity of eluents was confirmed by SDS-PAGE. Purified fractions were pooled and dialyzed against PBS (pH 7). Transmission electron microscopy. Whole bacterial cells and purified pili were prepared, negatively stained with phosphotungstic acid, and examined by transmission electron microscopy as previously described (23) .
Production of antiserum. A New Zealand White rabbit was inoculated subcutaneously with 200 g of CFA/I pili in complete Freund's adjuvant. Repeat inoculations with 200 g of CFA/I pili in incomplete Freund's adjuvant were performed on days 30 and 54 after the first inoculation. Serum was collected on day 76.
Pilus and pilus subunit binding assays. Binding of pili and pilus subunits to asialo-GM1 (Sigma-Aldrich) or GM1 (Adipogen Life Sciences) was measured with an enzyme-linked immunosorbent assay (ELISA)-based assay. Microtiter plates (Immulon 1B ELISA plate; Thermo Fisher Scientific) were coated with 100 l of asialo-GM1 at a 5-g/ml final concentration. Plates were air dried at 4°C for 12 h, after which they were washed five times with wash buffer (PBS plus 0.5% [wt/vol] bovine serum albumin [BSA] ). Wells were blocked with blocking buffer (PBS plus 5% [wt/vol] BSA) overnight at 4°C. Purified pili were subsequently added to asialo-GM1-coated wells and uncoated wells, which served as negative controls. No-pilus control solutions were also added to coated and uncoated wells. Microtiter plates were incubated for 1 h at 37°C and washed five times with wash buffer before the addition of anti-CFA/I antiserum (diluted 1/2,000 in blocking buffer) and incubation for 1 h at room temperature. After five washes to remove unbound antibody, anti-rabbit IgGalkaline phosphatase conjugate (Santa Cruz) was added at a dilution of 1/5,000 and the mixture was incubated for 1 h at room temperature. After five washes, 100 l of detection reagent (5 mM diethanolamine, 2 mM NaCl, 2 mM MgCl 2 , 15 mg of p-nitrophenylphosphate disodium hexahydrate, pH 9.5) was added to each well and the mixture was incubated at 37°C for 45 min. The absorbance of each well was measured at 405 nm on a POLARstar Omega plate reader (BGM Labtech). Absorbance values for no-glycolipid controls were subtracted from corresponding wells containing asialo-GM1. The values for no-pilus control wells were subtracted from the values of test wells.
For assays of pilus binding to Caco-2 cells, cells were grown to 80 to 90% confluence in 96-well tissue culture plates (Falcon) containing RPMI medium supplemented with 20% (vol/vol) fetal bovine serum. All subsequent steps in the Caco-2 binding assay were performed as described for asialo-GM1 binding assays.
Each binding experiment consisted of three technical replicates with the same pilus or protein preparation and three biological replicates with independently derived preparations. Differences between the mean values of biological replicates were analyzed for statistical significance with a one-tailed Student t test.
Assay of bacterial adherence to Caco-2 cells and erythrocytes. Caco-2 cells were grown to confluence in 24-well tissue culture plates and inoculated with suspensions of MC4100/pGU1/pGU2 (wild-type pili), MC4100/pGU1/pGU5 (mutant pili with R67A and R181A substitutions in CfaE), and MC4100 (pilus negative) at a multiplicity of infection of 100. Bacteria and Caco-2 cells were coincubated in RPMI medium for 2 h at 37°C, washed five times with PBS, and then treated with 0.1% (vol/vol) Triton X-100. The Triton X-100 suspension was serially diluted and plated onto LB Ap Cm agar plates. After overnight incubation at 37°C, the CFU count of each plate was calculated. Assays of technical triplicates of each condition were repeated independently three times, and statistical analysis was performed as described above.
The binding of piliated cells to type A human erythrocytes was determined by the slide test for mannose-resistant hemagglutination as previously described (20) .
RESULTS

Expression of CfaE is essential for CFA/I pilus assembly.
To study CfaB-mediated pilus binding to asialo-GM1, we attempted to purify CFA/I pili from an E. coli strain that expresses three of the four genes of the CFA/I operon, cfaA, -B, and -C. This approach was predicated on a prior report that the expression of cfaA, -B, and -C is sufficient for the assembly of pili consisting of the major pilin, CfaB, but devoid of CfaE (25) . To construct such a mutant, a defined deletion of the cfaE gene was generated in pEU2124, yielding plasmid pGU1 (Table 1) . To develop a quantitative, ELISA-based assay for pilus binding to asialo-GM1, pili were extracted and purified from E. coli strains MC4100/pGU1/pGU2 (cfaABCE) and MC4100/pGU1/pHSG576 (cfaABC). Strain MC4100, which served as a negative control for pilus production, was subjected to the same process as pilus-producing strains. Pili prepared from each strain were examined by SDS-PAGE and immunoblotting with anti-CFA/I antiserum (Fig. 1) .
As expected, no pili were extracted from the negative-control strain, MC4100 (Fig. 1A and B, lanes 1) . A protein of approximately 14 kDa that reacted with anti-CFA/I antiserum ( Fig. 1A and B, lanes 4) was consistent with CfaB in the pilus preparation from MC4100/pGU1/GU2 (cfaABCE). Transmission electron microscopy showed the typical morphology expected of CFA/I pili (Fig. 1C) . In contrast to MC4100/pGU1/GU2, pili could not be purified from strain MC4100/pGU1/pHSG576, as determined by SDS-PAGE, immunoblotting, and electron microscopy ( Fig. 1A  and B, lanes 2, and D) . The ability of MC4100/pGU1/pHSG576 to produce pili was investigated further by electron microscopy of whole bacteria. As expected, the negative-control strain, MC4100, was nonpiliated ( Fig. 2A) , while the positive-control strain, MC4100/pGU1/GU2, was piliated (Fig. 2B) . However, cells of MC4100/pGU1/pHSG576, which do not express CfaE, were nonpiliated (Fig. 2C) . Examination of 500 individual cells by electron microscopy failed to reveal any piliated cells. It was therefore concluded that expression of the minor pilin is essential for the assembly of CFA/I pili.
Purified CfaE subunits, but not CfaB subunits, bind to asialo-GM1. As pili consisting of only the CfaB pilin could not be generated from strains expressing CfaA, -B, and -C, an alternative approach involving the isolation of soluble CfaB pilins was employed to study the interaction of CfaB with asialo-GM1. Stable, natively folded CfaB protein was purified independently of CfaE by generating a donor strand-complemented, hexahistidinetagged form of the pilin as previously described (15, 17, 18, 31) . Donor strand complementation refers to the noncovalent interaction between the N-terminal ␤-strand of one subunit in an assembled pilus with a C-terminal acceptor cleft in the adjacent subunit. The intersubunit donation of the N-terminal ␤-strand of CfaB simultaneously interlocks adjacent pilins and completes the immunoglobulin fold of adjacent pilins, whether they are CfaB or CfaE. When pilins are expressed in the absence of the pilus assembly machinery, they misfold and are subsequently degraded in the periplasm (17) . However, in cis, donor strand complementation can be engineered into pilins to produce self-complementing proteins that are stable, soluble, and natively folded. These proteins are variants of the pilins that possess a C-terminal extension containing a flexible tetrapeptide linker, followed by a 19-amino-acid sequence corresponding to the complementing N-terminal ␤-strand of mature CfaB and a hexahistidine tag to facilitate purification by nickel affinity chromatography. The flexible linker allows the complementing ␤-strand to associate with the C-terminal cleft of the pilin to complete the Ig fold of the protein.
The donor strand-complemented fusion protein, termed dsc 19 CfaB(His) 6 , has an amino acid sequence that is identical to that of a CfaB fusion protein that was used to study donor strand complementation in CFA/I pili (17) . Similarly, a donor strandcomplemented CfaE fusion protein, dsc 19 CfaE(His) 6 , was constructed and purified as a negative control for asialo-GM1 binding experiments. The purified CfaB fusion protein reacted with an antihexahistidine antibody and had an apparent molecular mass of 19 to 20 kDa (Fig. 3A and B) , as previously observed (17), which is consistent with its predicted molecular mass of 18.6 kDa. The purified CfaE fusion protein also reacted with the antihexahistidine antibody and had an apparent molecular mass of 41 kDa, consistent with its predicted amino acid sequence (Fig. 3C and D) .
The binding of dsc 19 CfaB(His) 6 to asialo-GM1 was tested in an ELISA-based assay (Fig. 4) . The dsc 19 CfaE(His) 6 protein and heat-inactivated preparations of both dsc 19 CfaB(His) 6 and dsc 19 CfaE(His) 6 served as negative controls for asialo-GM1 binding. Surprisingly, the negative-control protein, dsc 19 CfaE(His) 6 , bound strongly to asialo-GM1-coated ELISA plates, while the test protein, dsc 19 CfaB(His) 6 , bound poorly. The level of dsc 19 CfaB(His) 6 binding was identical to that of heat-inactivated dsc 19 CfaB(His) 6 and dsc 19 CfaE(His) 6 , indicating that this low level of binding was nonspecific. The ability of CfaE to bind asialo-GM1 has not been reported previously. However, the inability of (A) Negative-control strain MC4100, which lacks the cfa genes, does not express pili on the cell surface. (B) Positive-control strain MC4100/pGU1/pGU2 (cfaABCE) produces CFA/I pili. (C) Test strain MC4100/pGU1/pHSG576 (cfaABC) fails to produce pili. 6 to bind asialo-GM1 is inconsistent with a previous report that pili consisting solely of CfaB bind to asialo-GM1 (25) . One potential explanation for these apparently conflicting data is that both CfaE and CfaB bind asialo-GM1 but that dsc 19 CfaB(His) 6 does not fold into an active form with the normal activities of CfaB. To ensure that CfaB retained its native conformation for tests of its ability to bind asialo-GM1, we took the approach of producing pili in E. coli strains expressing CfaA, -B, and -C and variant forms of CfaE that were unable to bind asialo-GM1. Pili consisting of mutant CfaE and wild-type CfaB could then be tested for any residual asialo-GM1 binding activity that might be associated with CfaB.
Binding of CFA/I pili to asialo-GM1 is mediated by CfaE. It appeared likely that amino acid residues within a pocket of CfaE that are required for binding to erythrocyte receptors might also be required for binding to asialo-GM1. It has been demonstrated that alanine substitution of the arginine residues at positions 67 and 181 in CfaE abolish the hemagglutination activity of CfaEcoated polystyrene beads (18) . To test whether these residues are also involved in asialo-GM1 binding and whether pili containing a nonbinding variant of CfaE could be generated, site-directed mutations were introduced into the cfaE gene in pGU2 ( Table 1 ). The plasmids generated included pGU3, which encodes CfaE1 (R181A substitution); pGU4, which encodes CfaE2 (R67A substitution); and pGU5, which encodes CfaE3 (R181A and R67A substitutions). E. coli strain MC4100/pGU1 (cfaA, -B, -C) was complemented with pGU2, pGU3, or pGU4 to produce pili containing either wild-type or mutant pili. Pili were extracted from each of these strains, purified, and examined by SDS-PAGE, immunoblotting, and electron microscopy. Pilus extracts from all of the strains contained a 14-kDa protein, consistent with the CfaB pilin (Fig. 5A) , that reacted with anti-CFA/I antiserum as expected (Fig.  5B) . Pilus extracts examined by electron microscopy showed morphology typical of CFA/I pili.
Wild-type and mutant pili were then compared for their asialo-GM1 binding activity in an ELISA-based assay (Fig. 6A) . Heat-inactivated pili containing wild-type CfaE or CfaE3 (R181A and R67A substitutions) served as negative controls for asialo-GM1 binding activity. In addition, the specificity of pilus binding was tested with the glycosphingolipid GM1, which does not bind to CFA/I (25) . Pili containing wild-type CfaE bound to asialo-GM1 (Fig. 6A ) but not to GM1 (Fig. 6B) , as expected. Binding of CFA/I to asialo-GM1 was significantly reduced in pili containing CfaE1 or CfaE2 (P Ͻ 0.05 at all pilus concentrations). These data confirmed that CFA/I binding is specific for the glycosphingolipid asialo-GM1 and that CfaE residues from the same binding pocket interact with both erythrocyte receptors and asialo-GM1. Pili containing CfaE3 showed a greater reduction of asialo-GM1 binding than pili containing CfaE1 or CfaE2. However, the residual binding of pili containing CfaE3 was no greater than that of heatinactivated wild-type pili (P Ն 0.37 at all pilus concentrations) or heat-inactivated mutant pili containing CfaE3 (P Ͼ 0.31 at 10 to 80 g/ml; P ϭ 0.10 at 100 g/ml), indicating that it was nonspecific. Collectively, these data show that CfaE confers CFA/I pilus binding activity toward asialo-GM1 and that this occurs via residues that were previously reported to be required for binding to erythrocyte receptors (18, 20) . Since pilus binding to asialo-GM1 was abolished by mutations in CfaE, it was concluded that CfaB does not bind asialo-GM1 independently of CfaE.
To confirm the significance of R67 and R181 in the binding of CFA/I pili to both asialo-GM1 and erythrocytes, E. coli strains MC4100/pGU1/pGU2 (wild-type CFA/I pili), MC4100/pGU1/ pGU3 (CFA/I pili containing CfaE1), MC4100/pGU1/pGU4 (CFA/I pili containing CfaE2), and MC4100/pGU1/pGU5 (CFA/I pili containing CfaE3) were tested for the ability to agglutinate human type A erythrocytes. As expected, E. coli expressing wildtype pili was positive for hemagglutination, while the E. coli strains expressing the mutant pili were negative for hemagglutination (data not shown). Therefore, residues R67 and R181 of CfaE are involved in CFA/I binding to both asialo-GM1 and erythrocyte receptors.
FIG 4
Binding of donor strand-complemented CfaB and CfaE subunits to asialo-GM1. The asialo-GM1 binding of donor strand-complemented subunits and that of negative-control, heat-inactivated subunits were compared in an ELISA-based assay. Purified CfaE subunits (black squares) bound to asialo-GM1, while binding of CfaB (black circles) was no greater than that of negative-control heat-inactivated CfaE and CfaB subunits (gray squares and circles, respectively). Data points are the mean values of three biological repeats, each consisting of three technical repeats, Ϯ the standard error of the mean. CfaE mutations that abolish asialo-GM1 binding also abolish adherence to Caco-2 cells. To test the significance of CfaE residues required for asialo-GM1 binding in a model that has greater biological relevance, the binding of wild-type and mutant pili to cultured Caco-2 intestinal cells was determined (Fig. 6B) . In comparison to wild-type pili, mutant pili containing CfaE1 or CfaE2 had greatly reduced binding activity (P Ͻ 0.05 at all pilus concentrations). CfaE3 mutant pili did not exhibit any greater binding activity than heat-inactivated wild-type or CfaE3 pili at any pilus concentration, indicating that low-level binding to the cell culture was nonspecific. Therefore, the reduced binding of mutant pili to Caco-2 cells was consistent with the phenotypes observed in asialo-GM1 binding assays.
To determine whether the observations of pilus binding to Caco-2 cells also applied to whole piliated bacteria, the adherence abilities of E. coli MC4100/pGU1/pGU2 (wild-type CFA/I pili) and MC4100/pGU1/pGU5 (pili containing CfaE3) and nonpiliated negative-control strain MC4100 were compared (Fig. 7) . The adherence of MC4100/pGU1/pGU2 was Ͼ9-fold greater than that of both MC4100/pGU1/pGU5 (P Ͻ 0.05) and MC4100 (P Ͻ 0.05). However, the abilities of MC4100/pGU1/pGU5 and MC4100 to adhere to Caco-2 cells were not significantly different (P ϭ 0.37).
DISCUSSION
The initial aim of this study was to elucidate the mechanism by which CfaB binds to asialo-GM1, which would serve as a model for other glycosphingolipids that are bound by CFA/I pili. The first approach used to develop a binding assay involved the generation of CFA/I pili consisting of only the major pilin CfaB. This approach involved the expression of three of the four cfa genes, cfaA, -B, and -C, on the basis of a previous report that expression of these genes is sufficient to assemble pili devoid of CfaE (25) . However, in this study, although CFA/I pili could be detected in extracts of an E. coli strain expressing all four cfa genes, cfaA, -B, -C, and -E, they could not be detected in extracts of a strain expressing only cfaA, -B, and -C by SDS-PAGE, immunoblotting, or electron microscopy. To examine the possibility that pilus assembly occurs at a very low frequency in the absence of CfaE, 500 independent CfaE Ϫ bacteria were examined for piliation. However, none of the cells were piliated. Therefore, it was concluded that the expression of CfaE is an absolute requirement for CFA/I pilus assembly. The reason for the discrepancy between our results and those of Jansson et al. (25) is not clear. However, the results presented here are consistent with our understanding of the assembly of the closely related CS1 pilus, in which the minor tipassociated pilin CooD controls the initiation of, and is essential for, pilus assembly (19, 32) . Our findings are also consistent with a prior report that insertional mutation of cfaE abolishes CFA/I assembly in ETEC strain H10407 (24) .
As it was not possible to generate pili consisting solely of CfaB, Wild-type CFA/I pili (black squares) bound strongly to asialo-GM1 and Caco-2 cells, while pili containing CfaE1 (R181A substitution, black diamonds) and CfaE2 (R67A, black triangles) showed significantly reduced binding (P Ͻ 0.05 at all pilus concentrations). Binding of pili containing CfaE3 (R67A R181A; black circles) was no greater than that of heat-inactivated wild-type pili (gray squares) or heatinactivated CfaE3-containing pili (gray circles). Active and heat-inactivated wild-type pili and pili containing CfaE3 failed to bind to GM1 (B), which served as a negative control, confirming the specificity of glycosphingolipid binding by CFA/I. an alternative approach involving the isolation of CfaB pilin for assays of asialo-GM1 binding was taken. This approach took advantage of prior work demonstrating that natively folded CFA/I pilins can be purified by generating in cis donor strand-complemented pilins (17) . Binding assays with donor strand-complemented pilins showed that dsc 19 CfaE(His) 6 , which was included as a negative control, bound strongly to asialo-GM1, whereas dsc 19 CfaB(His) 6 did not bind at all. Although the asialo-GM1 binding activity of CfaE had not previously been tested, our finding on CfaB contradicts the results reported by Jansson et al. (25) . Although dsc 19 CfaB(His) 6 was expected to be natively folded and therefore to retain activity, it was possible that our specific expression and purification procedure resulted in an inactive protein.
Therefore, an alternative strategy for testing the binding activity of CfaB was devised.
To ensure the production of natively folded CfaB, we sought to produce CFA/I pili containing a mutant CfaE protein that is unable to bind asialo-GM1. By abolishing the asialo-GM1 binding activity of CfaE, the residual asialo-GM1 binding activity of CfaB could be measured. It seemed possible that amino acid residues in CfaE that are involved in erythrocyte binding may also be required for asialo-GM1 binding. Therefore, alanine substitutions were introduced into CfaE to test the roles of R181 and R67 in asialo-GM1 binding. Substitution of either residue reduced the binding of whole pili to asialo-GM1, while substitution of both residues completely abolished pilus binding. This shows that CfaB does not bind asialo-GM1 independently of CfaE and is consistent with the result of the binding experiments performed with donor strandcomplemented CfaB and CfaE. In addition, we found that although CFA/I-piliated E. coli bound to cultured intestinal cells, a piliated strain carrying the R181A and R67A substitutions in CfaE did not show significantly greater adherence than nonpiliated E. coli. Therefore, we conclude that, contrary to the existing model describing the adhesive properties of CFA/I pili, asialo-GM1 binding is not a distinct activity that resides in CfaB independently of CfaE.
How can the discrepancy between the conclusions drawn from this study and a those from a previous study by Jansson et al. be explained? It was concluded that E. coli expressing cfaA, -B, and -C assemble small amounts of CFA/I pili that are devoid of CfaE (25) . This result could not be replicated in our study and is inconsistent with a previous study indicating that CfaE is required for pilus assembly (24) . One potential explanation of how pili could be recovered from such a strain relies on the possibility that cfaE was indeed expressed in the strain generated by Jansson et al. Although the strain was described as a cfaE mutant, there is no description of how the cfaE mutation was made and there was no independent confirmation of the absence of CfaE in pili by immunoblot analysis of the pili. Regardless of the explanation, in this report, we present two independent lines of evidence that CFA/I binding to asialo-GM1 is not a distinct binding activity that resides in CfaB. Instead, the activities of CFA/I pilus binding to asialo-GM1, erythrocytes, and intestinal cells are inseparable and depend on the same amino acid residues within CfaE.
